Aircraft measurements of the horizontal wind have consistently found transitions from roughly 26 k -5/3 to k -2.4 spectra at scales Δx c ranging from about 100 -500 km. Since drop sondes find k -2.4 spectra 27 in the vertical, the simplest explanation is that the aircraft follow gently sloping trajectories (such as 28 isobars) so that at large scales, they estimate vertical rather than horizontal spectra. In order to directly 29 confirm this explanation, we used over 14500 flight segments from GPS and TAMDAR sensor 30 equipped commerical aircraft. We directly estimate the joint horizontal-vertical (Δx, Δz) wind structure 31 function finding -for both longitudinal and transverse components -that the ratio of horizontal to 32 vertical scaling exponents is H z ≈0.57±0.02, close to the theoretical prediction of the 23/9D turbulence 33 model which predicts H z = 5/9 = 0.555…. This model also predicts that isobars and isoheight statistics 34 will diverge after Δx c ; using the observed fractal dimension of the isobars (≈1.79±0.02), we find that 35 the isobaric scaling exponents are almost exactly as predicted theoretically and Δx c ≈ 160, 125 km, 36 (transverse, longitudinal). These results thus give strong direct support to the 23/9D scaling 37 stratification model.
Introduction 50
The classical laws of turbulence exploit the scale invariance of the dynamical equations to 51 predict the scaling behaviour of the wind and other turbulent fields. For simplicity, they also assume 52 statistical rotational invariance: isotropy. When applying these laws to the strongly stratified 53 atmosphere, one faces a choice: to either drop the scaling or the isotropy symmetry. Starting with the 54 claimed discovery of the meso-scale gap [Van der Hoven, 1957] , and the subsequent development of 55 theories of 2D (isotropic) turbulence [Kraichnan, 1967] -and especially Charney's geostrophic variant 56 [Charney, 1971 ] -the dominant choice was to drop the scaling symmetry, to assume that the small 57 scale dynamics were 3D isotropic and the large scale 2D isotropic with a scale break somewhere near 58 the atmospheric scale height (≈10 km). 59
Starting in the early 1980's the opposite proposal was made [Schertzer and Lovejoy, 1985b, 60 1987]: to drop isotropy but to maintain wide range horizontal scaling. In this framework, the vertical 61 structure was also expected to be scaling but with different exponents than the horizontal. Since then, 62 evidence in the horizontal and vertical from satellites, lidar, aircraft, radiosondes, drop sondes and 63 reanalyses has accumulated, supporting the anisotropic scaling model (see the review [Lovejoy and 64 Schertzer, 2010] and also [Tuck, 2008] ). More recently, an (anisotropic) scaling (rather than a 65 traditional scale) analysis of the governing equations [Schertzer et al., 2012] has allowed the derivation 66 of new fractional vorticity equations. 67
Until recently, the outstanding piece of evidence supporting the isotropic 2D/3D model was the 68 observed break in aircraft spectra of the horizontal wind at scales of several hundred kilometers. 69
However, using high quality scientific aircraft data, [Lovejoy et al., 2004 [Lovejoy et al., , 2009a argued that the 70 aircraft trajectories -and hence the wind measurements -would be affected by the turbulence and they 71 predicted a transition from where the aircraft essentially sensed the vertical rather than horizontal fluctuations; the vertical 73 exponent is β low~βv~2 .4. They also showed that essentially all the horizontal wind spectra and structure 74 functions published to date were compatible with this transition -but not with the more drastic 75 transition from β h =5/3 to β h =3 near 10 km predicted by the competing 2D/3D model. 76
The paper by [Lovejoy et al., 2009a ] sparked a debate [Lindborg et al., 2009 ; Lovejoy et al., 77 2009b ; Schertzer et al., 2011 Schertzer et al., , 2012 and provoked [Frehlich and Sharman, 2010] , (hereafter FS) to 78 perform a new analysis using Tropospheric Airborne Meteorological Data Reporting (TAMDAR) 79 commercial aircraft data. The key new element was that the TAMDAR data had GPS altimetry and 80
were thus -for the first time for commercial aircraft -able to distinguish isobaric and isoheight 81 statistics. This is important because most aircraft follow isobars and these are gently sloping. If these 82 slopes are large enough, then the aircraft spectra will show a spurious transition from β h to β v at a scale 83 which depends on the slope and the turbulent fluxes, thus explaining the observations. FS found neither 84 a scale break near 10 km nor a structure function with exponent near 2 (corresponding to β h =3) -so 85 that presumably there was not a 2D/3D transition. However, they did make the strong claim that the 86 statistics on isobars and isoheights were identical. If their claim was true, then another mechanism to 87 account for the k -5/3 to k -2.4 transition would be required. 88
However, distinguishing the statistics on isoheights and isobars requires very high accuracy -89 both of wind but especially altitude -measurements. These accuracy requirements are too demanding 90 for the older Aircraft Meteorological Data Relay (AMDAR) equipment (also discussed by FS). With 91 the newer GPS equipped TAMDAR data, the requisite accuracy is possible to achieve if two conditions 92 are met. First, we do not use wind differences from two different aircraft since this involves both larger 93 (absolute) errors as well as nontrivial complications due to the very inhomogeneous distribution of 94 TAMDAR flights paths over the US: the errors are unacceptably large. Second, the TAMDAR 95 sampling protocol was ill adapted for our purpose, it was essential to use only the high quality "cruise" 96 flight segments. Unfortunately, the copiously sampled ascent and descent segments had to be discarded 97 because of their unacceptably low vertical resolutions. 98
Finally, we could mention that [Lovejoy and Schertzer, 2010 ] examined hydrostatic models andfound that they also gave isobaric exponent β~2.4 and [Lovejoy and Schertzer, 2011] confirmed this in 100 reanalyses, although with an extra complication due to a strong horizontal (zonal/meridional) scaling 101 anisotropy; so that these data are not appropriate for distinguishing isoheight and isobaric statistics. 102
With these differences, we therefore redid the FS TAMDAR analyses. 
where H z =H h /H v =5/9 and l s is the ''sphero-scale'': the scale at which structures are ''roundish''. (If 119 needed, the scale function can be modified for full space-time vector displacements). The anisotropy is 120 reflected by the exponent H z ≠1 that describes the stratification of structures. Since H z <1, at scales 121 much smaller than l s , structures tend to be vertically aligned whereas at scales much larger than l s , they 122 become flatter. With this scale function, we can write: and were designed to measure atmospheric fields including wind, humidity, pressure and temperature, 132 as well as location, time and altitude from a built-in GPS. The sampling protocol is important to 133 understand: the system either makes measurements due to significant changes in pressure (changes of 134 10 hPa or 50 hPa, depending on the altitude) or -if cruising at nearly constant pressure -it switches to 135 a time-based protocol, making measurements every 3 or 7 minutes (again, depending on the level). For 136 an aircraft flying at 500 km/h at an altitude of 5.5 km, the former corresponds to ~25 km. We analysed 137 data for the year 2009 over roughly the continental US (20°N to 50°N latitude). In order to have good 138 statistics and to minimize the strong altitude dependence, we confined our analysis to the layer between 139 5 and 5.5 km altitude using over 14 500 aircraft legs. Only the highest quality data (according to 140 automated quality control checks) were kept. 141
A nonobvious problem arises since the data were passed through a 10 second smoother, so that, 142 measurements at 250 km/h and angle of 15° correspond to a section 180 m thick. Including these low 143 resolution segments led to biases of 7% at 200 km, but this rapidly increased to 67% at 400 km, hence 144 we discarded them. This bias, their use of multi-aircraft data pairs and the fact that FS took much 145 thicker layers for isobars and isoheights (4 hPa, 200 m) compared to those used here (1.26 hPa, 20 m) 146 led to our qualitatively different conclusions. Similarly to FS, we took only time intervals less than 1 147 hour to limit the effects of noninstantaneous measurements. 148
From the near-constant altitude and near-constant pressure levels, we estimated second order 149 structure functions 
158
Taking ensemble averages of the square of eq.3, we obtain: 159 least 500 independent aircraft Δv 2 estimates were used, the average number over the regression range 166 16 km < Δx < 400 km -see fig. 3 -was 24800. Since presumably  h,N (2)=  h,L (2), we took the value 167  h (2)=0.8 and then performed multivariate regression on the joint (Δx, Δz) lag data in fig. 1 
Fractal aircraft trajectories 182
In order to compare statistics at constant pressures and constant altitudes, we need to take into 183 account the fractality of the aircraft trajectories. This fractality arises because aircraft at cruising 184 altitudes fly on roughly isobaric levels and these are fractal [Lovejoy et al., 2004] , (although at scales < 185 3 km, the trajectories become smooth due to inertia). This implies: 186
where Δz is the vertical displacement of an aircraft, a is a constant and H tr =D tr -1 where D tr is the fractal 188 dimension of the trajectory. From figure 2, we find H tr = 0.79±0.02. 
In order to further confirm the 23/9D theory, we show the results for data pairs constrained to 216 have slopes > 3x10 -4 (roughly the mean isobaric slope at 400 km resolution), these trajectories are not 217 fractal (H tr~1 , top, figure 2) so that we expect exponents H tr  v (2)~1.4. This is confirmed by figure 3a  218 (top) at scales > 40 km. For these constrained isobaric curves, figure 3a indicates Δx c~3 6 km, a value 219 close to Δx c~4 0 km estimated using eq.7 and parameters estimated on figures 1 and 2, (even though it 220
is not found that the mean field approximation is still applicable to estimate this quantity). The bottom 221 of figure 3 shows the difference between isobaric (with and without constraint on aircraft slopes) and 222 near-constant altitude cases. For increasing horizontal lags, the difference between isobaric and near-223 constant altitudes curves increase, showing the relevance of the 23/9D model and the effect of fractal 224 trajectories as described by (eq.5). 225
226
Conclusions: 227 228
The horizontal wind field is anomalous in that it has a break in the scaling at scales typically in 229 the range 100 -1000 km with small scale spectra roughly k -5/3 transitioning at lower wavenumbers to ≈ 230 k -2.4 . Both the transition scale and exponent are quite different from those predicted by theories of 231 isotropic 3D and isotropic 2D turbulence (≈ 10 km and k -3 ). A simple explanation is that the aircraft 232 trajectories are gently sloping (e.g. they are isobaric) so that at a critical scale, the vertical fluctuations 233 are dominant implying k -2.4 for the sloping spectra (as in the vertical). In order to test this directly, high 234 accuracy altitude and wind measurements are required; if carefully used the TAMDAR commercial 235 aircraft sensors are adequate. However, due to degraded vertical resolution on ascent and descending 236 flight segments, only cruise altitude data should be used and stringent pressure and altitude bounds are 237 needed to define the isoheights and isobars (±10 m, ±0.63 hPa). 238
Using data from over 14500 flights, for the first time we were able to estimate the joint 239 horizontal-vertical structure functions providing direct confirmation for the 23/9 D anisotropic scalingtheory, and estimating the key stratification exponent as H z =0.57±0.02, quite close to the theoretical 241 value 5/9. Using this, and the observed fractal dimension of the isobars (D tr =1.79±0.02), we were able 242 to theoretically calculate the isoheight, isobaric and constant slope structure function exponents 243 exponents (0.8, 1.1, 1.4 respectively) as well as the critical isoheight/isobar transition distance (≈160 244 
